Improvements in the effectiveness and efficiency of supply-side waste management are necessary in many countries. In Japan, municipalities with limited budgets have delayed the introduction of new waste-management technologies. Thus, the central government has used subsidies to encourage municipalities to adopt certain new technologies to improve waste-management efficiency. In this study, we measure the efficiency of waste management and explore how technology is related to technical efficiency. We find that municipalities are likely to adopt less-efficient technologies and that the central government's policies are likely to promote inefficient technology adoption by local governments.
Introduction
Demand for public services that improve waste management has increased in tandem with income growth (Mazzanti and Montini, 2009 ; Ichinose and Yamamoto, 2011; Shinkuma and Managi, 2011) . Although demand-side strategies to reduce waste generation and recycle waste are important policy topics, improving the effectiveness and efficiency of public services regarding waste management (i.e., the supply side of waste management) is also an important policy goal in many countries because government resources are often limited.
Many governments, from local authorities to federal governments, have examined the efficiency of their waste-management services. For example, the United States Governmental Accounting Standards Board has generated a methodology that municipalities use to calculate and disclose waste-management efficiency indicators. In Spain, a document designed to help calculate management indicators was issued to evaluate the effectiveness and efficiency of public services regarding waste management (Benito et al., 2010) .
Many studies on demand-side waste-management policy have focused on the effectiveness of unit pricing of waste emissions and recycling (Fullurton and Kinnaman, 1996; Kinnaman, 2003; Kinnaman, 2006) . However, only a limited number of studies have focused on supply-side management policy (Ley et al., 2002; Callan and Thomas, 2001 ). Ley et al. (2002) assess the potential economic effect of a policy designed to restrict the flow of municipal solid waste across U.S. state borders. Alternatively, Callan and Thomas (2001) focus on the cost inefficiency of waste management and explore how the privatization of waste management, economies of scope (a combination of waste disposal and recycling) and economies of scale are related to cost efficiency.
There has been no evaluation of the efficiency of waste-treatment technology in supply-side studies. There are several technologies for incinerating waste, such as the gasification and melting 4 system and the ash-melting system. The central government in Japan encouraged the use of melting systems -a decision that was based on promoting industrial policy rather than environmental policy.
The purpose of our study is to measure the efficiency of Japanese waste management and to explore how technology is related to technical efficiency; in particular, we examine whether the technology promoted by the central government has resulted in the improvements in efficiency that were expected.
In Japan, the central government subsidizes municipalities to encourage the adoption of certain new technologies -including gasification and melting systems or ash-melting systems -to improve technical efficiency. Implementing these technologies was expected to reduce waste-management costs. However, in reality, these technologies are likely to be less technically efficient than the central government expected, and their implementation may have resulted in only small increases in efficiency. The government expected the cost savings to come from "learning by doing" (technology diffusion). However, these effects might be too small to offset the high cost of the new technologies.
Neither ex-post nor cost-benefit analyses have been performed on the results of these processes; thus, the government does not know the outcome of its policies. In this study, we find that municipalities are likely to adopt less technically efficient technologies; therefore, the central government's technology policy is found to have failed to improve technical efficiency.
Section 2 provides the background of the subject of this study. Section 3 presents the study's methods and data, Section 4 discusses its results, and Section 5 provides concluding thoughts.
Background
This study aims to test the hypothesis that the Japanese policy of providing governmental subsidies to encourage municipalities to adopt new waste-management technologies is associated 5 with lower total factor productivity (TFP)
1 . Japan has more incinerators than any other country in the world (e.g., Ministry of Environment, Japan, 2002; Yamamoto, 2004 Yamamoto, 2004) . Therefore, we expect newer technology to be associated with lower efficiency because of government officials' failure to think in the long term.
Model and Data

Model of Productivity Changes
This study utilizes data envelopment analysis (DEA), which is a nonparametric approach (Färe et al., 1994; Kumar and Russel, 2002) . The method can consider the possibility that producers do not necessarily choose the most efficient allocation and that there may thus be some inefficiency.
Typically, waste management is implemented by local authorities who do not choose efficient outcomes. Thus, we employed a DEA method in our study. An alternative approach is the parametric method, which has its own advantages (see the application in Kumar and Managi, 2009 ).
This study measured the nonparametric frontier production function by applying the Luenberger productivity indicator 2 . DEA was applied to estimate productivity measures using mathematical programming. The advantage of DEA is that multi-input, multi-output production technology may be described without specifying functional forms (see Managi et al. (2004) for an intuitive explanation). We then investigated the factors associated with productivity changes with an econometric analysis. This technique is useful to understand the effectiveness of new technologies.
New technologies might require much larger capital or human capital investments than the gains made in terms of waste-treatment and recycling capabilities. In that case, new technology is associated with a lower efficiency or productivity score in the DEA.
Growth in TFP is an essential cause of advancements in economic welfare. We are also interested in the drivers (or decomposed elements) of changes in TFP. The change in TFP is decomposed into two elements: technological change (TC) and efficiency change (EC). TC measures shifts in the production frontier because of innovation, whereas EC measures changes in the position of a production unit relative to the production frontier. A significant increase in EC is expected if 8 existing resources are not fully utilized in production initially (see Appendix A for a technical explanation of the model).
Few studies have addressed efficiency and productivity issues in the waste-treatment industry. In particular, DEA has not been used as a tool to estimate the efficiency of the waste-treatment sector. Therefore, there are no prior studies examining the effect of waste regulatory reforms on the Luenberger productivity indicator and its decomposed elements. In this article, DEA is applied to measure the efficiency and productivity indicators, and, the effect of regulatory reforms is then examined using the estimation approach for panel data described in the next subsection.
Determinants of Productivity Changes
This study utilized econometric models to analyze the determinants of productivity changes.
An empirical association of technology adoption and consequent changes in productivity may be identified by measuring productivity changes. If there is a difference, we find that the application of the particular technology is associated with changes in productivity or efficiency (i.e., the level of efficiency changed by technology applications). We considered serial correlations because the dependent variable in econometric models is measured using DEA. When the productivities are measured by DEA in the first step and regressed on explanatory variables in the second step, the productivity measures calculated by DEA are likely to be serially correlated (Simar and Wilson, 2007) . Guan and Oude Lansink (2006) suggest the use of a dynamic generalized method of moments (GMM) model with a two-year lag to analyze TFP measured by DEA to eliminate the serial correlation problem 3 .
Therefore, this study used a dynamic GMM model to analyze productivity changes. We
where it PROCH is the annual productivity change (such as TFP, TC or EC) measured by the Luenberger productivity indicator for region i at time t . The previous year's productivity change affects the current year's productivity change because further improvement in productivity after high growth in the previous year might be more difficult. To address the dynamics, two lags of the dependent variable are included in (1). X represents socioeconomic characteristics, including variable ratios of privatization, population density, and the financial independence index of the city.
Z represents the technology employed by the local authority and is a dummy variable representing the specific technology adopted for region i at time t. The municipality receives a score of one only if a technology is employed in a specific year (see, for example, Appendix B for a map showing the area that applied gasification and direct-melting technology).
The set of technologies is chosen when the technologies are subsidized. Otherwise, common incineration technology is chosen. All of the new technologies are used for the treatment of waste inside the plant. The variable Z is expected to be associated with either higher or lower regional efficiency in waste management based on the adoption of new technologies;
 is an error term and consists of an individual geographical effect  and random disturbance  .
We expect population density to have a positive effect on productivity. Waste might be collected more effectively in denser areas because of reduced transportation costs. That is, in higher-density areas, local authorities might be able to increase efficiency more easily than in lower-density areas.
Waste-management plants that have undergone privatization are expected to show the effect of the privatization of waste management on total efficiency. In Japan, many local governments dispose of waste themselves. However, some local governments consign all or part of their waste disposal to the private sector. This variable is expected to have a positive correlation with productivity because waste management overseen by private firms is expected to be more efficient.
The financial independence index of the municipality is the municipality's revenue collected within the city divided by the overall budget, including the municipality's internal revenue and revenue provided by the central government. If the financial independence index of a municipality is close to one, it does not need to rely on revenue from the central government. The financial independence index is also expected to have a negative correlation with subsidy receipts because better financial performance in the city is most likely caused by better management, which results in not requiring the subsidy. Thus, financially independent cities are generally able to achieve higher productivities.
In this model, the lagged dependent variable is correlated with the error term,
. Therefore, a first-differencing method is used to remove the individual effect,  . In the first-differenced model, all observations of the dependent variable before t − 2 are valid instruments. Arellano and Bond (1991) propose a difference GMM estimator in which all the valid historical instruments are used in equation (1). When instrumental variables that are not correlated with the individual effect  are available, they may be used in the level model. Arellano and Bover (1995) and Blundell and Bond (1998) propose a system GMM estimator in which the moment conditions in the differenced model and level model are combined.
In their studies, the system GMM estimator might dramatically improve the problem of weak instruments. Therefore, the system GMM estimator was used in this study.
Data
In this study, we use annual panel data from 1,414 city-level data sets in Japan from 1996 through 2002. This period was chosen because it coincides with a wave of new technology implementation and because more recent data are not available. The data used were derived from several Japanese national statistics. The output variables for our efficiency measure are the volume of incinerated waste and the volume of recyclables. These two are distinct outputs. In Japan, all waste is classified into two main categories: non-recyclable waste and recyclables (e.g., glass, aluminum and steel cans, newspaper, etc.). Non-recyclable waste and recyclables are collected separately and brought to the same facility. Non-recyclable waste consists of incinerated waste and non-incinerated waste, both of which are dumped into the landfill directly. However, most non-recyclable waste is incinerated. Data on incinerated waste and non-incinerated waste were not available at the municipality level. Thus, we considered the volume of non-recyclable waste to be the volume of incinerated waste in our study.
The input variables for our efficiency measure are capital stock, the number of vehicles used for the collection of waste, and expenditures on employees. Increasing these inputs raises the outputs in our production function set, and these data are applied as a first-step productivity measure.
All other variables explained below are then used in the second-step estimation as determinants of the productivity measure in the first step. These include the ratio of privatization, population density of the city, and the city's score on the financial independence index.
The subsidy is provided by the Ministry of Environment as part of the central government budget, not from the municipal budget. This will indirectly affect the use of the municipal budget.
The municipality makes the decision regarding privatization, and the cost of the privatization affects the budget. The values associated with this subsidy and privatization are included in both of the inputs and outputs; therefore, they will not bias productivity measurements. The annual amount of waste treated per person was approximately 410 kg, and this average remained constant over our study period. In addition, population size was relatively constant during our study period. Therefore, we eliminated changes in the demand for waste treatment as a factor; instead, we focused on supply-side causes of changes in productivity. We measured the quantity of recycling in weight instead of monetary units and used a physical definition for productivity, which indicates that productivity only reflects technology, whereas productivity with value added depends on market conditions. In particular, physical output measures are more practical when quality varies little over time. Table 1 shows the results for average changes in TFP and its decomposition over time.
Results
Measure of Productivity
Over our study period, TFP first increased and then decreased, which resulted in a small overall 13 increase in the TFP value of 0.0009. In 1998 and 2000, the EC effect dominated the TC effect, but the TC effect dominated that of the EC for all other years. Both TC and EC influence TFP.
The measured productivities strongly depend on the choice of variables. An alternative measure of capital may also be available, and we choose to apply capital data as the disposal capacity of treatment furnace instead of to measure it as the capital stock input (i.e., the conventional meaning of capital). The former approach is better at identifying plant capacity, and the latter more fully describes the actual waste-treatment sector. We measured productivity with the former measure of capital data to better capture the disposal capacity of a treatment furnace. The values of productivity are relatively similar for the two cases. At the city level, the changes in TFP are different over time and by region. We will elucidate the determinants of these changes in this section. Figure 1 shows a simple plot of the two measures of TFP. We found that these two measures are strongly correlated with one another, although the variations were large. Although we do not report the results because of space considerations, all of the analyses using disposal capacity of the treatment furnace yielded similar results for the sign and statistical significance of the second-step estimation of determinants. In addition, given the same technology usage and inputs requirements, the goal would be to maximize output. However, adopting technology requires more investment and/or means higher costs. The choices of technology or inputs are also of significant concern for municipalities because the Waste Management and Public Cleansing Act requires municipalities to use their budgets efficiently (Ministry of Environment, 2000) . Therefore, given the same technology choices, a municipality will try to reduce inputs because its goal is to maximize the volume of incinerated waste and recyclables while simultaneously reducing costs. However, we apply input-oriented Malmquist indices (see Färe et al., 1994) as a robustness check for our results.
Simple correlation of the Luenberger productivity indicator and the input-(or output-) based significance for the second-step estimation.
Before the regression results in the next subsection, we break down our results between incineration, on the one hand, and all other technologies, on the other, to show a simple comparison of the two groups. The last two columns in Table 1 comparison (not for the discussion that follows in the next subsection). Next, a plot of cumulative productivity for these two groups is added as Figure 2 , which indicates that incineration performs better than the subsidized new technologies.
Estimation of the Model of Productivity Change
The estimation results of equation (9) and how they affect productivity changes, ECs and TCs are reported in Table 2 . Sargan's test for over-identifying restrictions (Sargan, 1958) and the hypothesis of no second-order autocorrelation yielded p-values from 0.26 to 0.33, which implies that the instruments used in the GMM estimation are valid and that there is no serial correlation in the disturbance term. We also examined the stationarity of the residuals using the unit root tests described by Im et al. (2003) . In all specifications, the null hypothesis of a unit root in the residuals was rejected at the 1% level.
Our data set included eight technologies; seven of these were new technologies (successive rotation, incineration with prior processing, chemical treatment of incinerated ash, fly ash treatment, gasification and melting, shaft-type gasification and direct melting), and the eighth was a conventional technology (incineration). However, because some of these technologies are correlated with one another in our base model, we analyzed five technologies 4 that are used most frequently:
successive rotation, incineration with prior processing, chemical treatment of incinerated ash, fly ash treatment and incineration. Table 2 shows the results of the base model (i.e., model 1, which uses fewer combinations of explanatory variables). For the robustness check, we also estimated alternative specifications when we focused on the other technologies. Some of the new technology variables are not included in Table 2 because of multicollinearity problems with several of the new technologies, which indicate that they are sometimes used simultaneously (i.e., they are not mutually exclusive of one another), and these results are reported in Table 3 . Because the sign and significance of socioeconomic characteristics are identical to the results in Table 2 , we only reported the results for the effects of each technology on productivity.
First, privatization had statistically significant negative and positive effects on TC and EC, respectively. Privatization had a net negative effect on TFP. These results indicate that inefficient cities catch up to efficiency frontiers via privatization, but the benefits of privatization are offset by the negative effect on technical change.
Population density showed statistically significant results for all three productivity measurements. Negative associations were observed with EC and TFP, whereas there was a positive relationship with TC. Reduced efficiency, which offset technological progress, was observed in higher-density areas. In other words, increasing the area of waste collection (i.e., to include lower-density areas) might encourage efficiency gains. The financial independence index has a positive sign and is statistically significant for all specifications. The financial variable is negatively correlated with each new technology adaptation and ranges from -0.29 to -0.12 of simple correlation.
Because adoption of new technology is accompanied by a subsidy, less independent municipalities tend to be subsidized.
Regarding the effect of technology, incineration with prior processing had a significantly positive effect, whereas successive rotation, chemical treatment of incinerated ash and ash treatment had significantly negative effects. This result indicates that successive rotation, chemical treatment of incinerated ash and ash treatment decrease productivity. Prior processing played an important positive role because sludge has a high moisture content (approximately 80-85%) that can be reduced through prior processing. Dewatering by high-pressure heating, microbe fermentation, and degradative treatment are utilized in prior processing systems. These systems might help increase productivity.
From these results, we can conclude that new technologies, excluding incineration with prior processing, have lower levels of productivity. Using the estimation results, we found that the minimum negative impact occurs when the following three technologies are alternated: successive rotation, chemical treatment of incinerated ash and fly ash treatment. This approach reduces the productivity change by 0.012. It should be noted that this number is fairly large, particularly because the average productivity change is only 0.00089, as shown in Table 1 . However, we calculated the maximum negative impact of new technologies for the case in which local authorities utilize a combination of successive rotation, chemical treatment of incinerated ash and fly ash treatment, and the negative impact of this combination was 0.059, which is 66.29 times higher than the average productivity change. Thus, we can conclude that there is a significant negative impact from the introduction of successive rotation, chemical treatment of incinerated ash and fly ash treatment.
Next, we would like to discuss how disposal capacity, the number of furnaces, and vintage year affect productivity using model 2, which adds several more explanatory variables to model 1.
None of these elements is statistically significant; furthermore, although we do not report the results.
we found that the variables do not significantly affect the outcome when alternative robust specifications are utilized, which indicates that increasing plant size, number of plants, and plant age are not significantly related to productivity performance.
Next, we discuss the results of alternative specifications as our robustness check. We focus on the effects of new technology on productivity changes, but we are not able to report the results of the effects of new technology on EC and TC because of space limitations. Table 3 shows the results of the alternative specification. We included the identical socioeconomic characteristics variables as in Table 3 but used different technology dummies. Privatization, population density, and the financial index were statistically significant, as discussed in Table 2 . Therefore, in Table 3 , we only report technology variables.
In alternative specifications, we assessed gasification and melting, shaft-type gasification and direct melting instead of the chemical treatment of incinerated ash and fly ash treatment. In all specifications, incineration with prior processing had a significantly positive effect, whereas successive rotation had a significantly negative effect. Identical results were obtained in Table 2 , and they are robust. All other new technologies -including gasification and melting, shaft-type gasification and direct melting -were negatively correlated with productivity changes. Why are these technologies ineffective for increasing productivity? Gasification and melting and treatment of incinerated ash are effective methods of recycling, but their technical efficiency has been shown to be poor. Because these methods are advanced from an engineering perspective, they are commonly recommended for application to technical problems when funds are available. However, our results
show that it is important to consider that these new technologies require more capital and are thus an inferior choice economically. The number of municipalities that used the different technologies and the average input usages for the different technologies are presented in Table 4 , which shows that the numbers vary across different technological and input usages.
Finally, to explore how "learning by doing" with new technologies affects productivity, we added an interaction term for the technologies to the base specification that used years after the introduction of technologies. "Learning by doing" might be important, and its effect might be different from that of technology selection. Because the variables used in Table 2 have the same signs and statistical significance, only the main results are reported in Table 5 . known technology that has been applied for many years (even in less-populated regions), requires less technical knowledge, which is why it improved performance.
Discussion and Conclusion
Public demand for waste management has increased as income has risen, and improving the effectiveness and efficiency of public services (on the supply side) has become an important political issue in many countries.
In Japan, because municipalities with limited budgets have delayed the introduction of new technologies for waste management, the central government has encouraged municipalities to adopt specific new technologies -such as gasification and melting systems or ash-melting systems -and used subsidies to increase technical efficiency. However, we expected that these technologies are less efficient than the government expected and that the central government's policies, therefore, did not improve efficiency.
Our study sought to measure productivity in Japanese waste management using DEA and then to explore how technology is related to technical efficiency. Our main findings are as follows:
(1) Successive rotation, chemical treatment of incinerated ash and ash treatment decrease productivity, whereas incineration with prior processing increases productivity.
(2) Prior processing plays a positive and important role in waste management because sludge has a high moisture content (approximately 80-85%) that is reduced by prior processing. Currently, dewatering by high-pressure heating, microbe fermentation, and degradative treatment are utilized in prior processing systems; these methods might be effective in increasing productivity.
(3) New technologies, excluding incineration with prior processing, lower productivity.
To prevent policy failures, we suggest that the central government should not seek to specify the technology to be implemented; instead, policies should be implemented that relax the limited budgets of municipalities and encourage flexible decision-making processes.
When municipalities adopt a new waste-management technology, they replace the old technology instead of building a new plant and maintaining existing facilities because it is difficult to obtain public acceptance from citizens of neighboring municipalities. This study applied the Luenberger productivity model, which is formulated as follows (see Managi (2010) 
The shortage distance function was defined as follows:
where  is the maximum amount by which t y can be expanded and t x can be reduced simultaneously given the technology   t T . Following Managi (2010) , the direction taken is set to one as a common practice; that is, desirable outputs are proportionately increased, and inputs are proportionately decreased. It should be noted that we include the technology variables in the second step of the determinants of productivity estimates rather than in the first step of the estimation of the productivity indicator.
DEA is used to estimate the proportional distance function under the variable returns to scale by solving the following optimization problem:
where  is the efficiency index for company i in year t , 1 N is an identity matrix, 
